BACKGROUND AND PURPOSE: DCI is a serious complication following aneurysmal SAH leading to permanent neurologic deficits, infarction, and death. Our aim was to prospectively evaluate the diagnostic accuracy of CTP and to determine a quantitative threshold for DCI in aneurysmal SAH.
A
neurysmal SAH is a devastating disease, with patients who survive the initial hemorrhage still at risk for severe complications, such as cerebral ischemia and infarction. Infarction has been detected in up to 81% of patients. 1 As many as 46% of survivors may have long-term cognitive impairment, with an effect on functional status and quality of life. 2, 3 Early diagnosis and prompt medical treatment can prevent these sequelae and improve patient outcomes. 4, 5 The etiology of cerebral ischemia after SAH is complex, and its pathophysiology is poorly understood, often leading to indeterminate diagnoses and delayed treatments. Several terms have emerged to describe its various features, such as "symptomatic vasospasm," "angiographic vasospasm," and "DCI." DCI has been defined as new focal neurologic impairment or worsening on the Glasgow Coma Scale, after other possible causes of clinical deterioration have been eliminated, and/or new infarction on imaging attributed to vasospasm. 6 For simplicity, the term vasospasm is reserved for the presence of arterial narrowing on imaging studies. 7 However, vasospasm and DCI may be related, with arterial narrowing resulting in reduced CBF leading to clinical deterioration and ischemia. Thus, these terms have been considered interchangeable in clinical practice. The caveat is that not all patients with arterial narrowing on angiography develop DCI. Furthermore, not all patients who experience DCI have angiographic vasospasm, which may partly be attributed to circulatory impairment at the microvascular level. 8, 9 Therefore, incorporating both clinical and imaging criteria in the diagnosis of DCI has been reported as most clinically relevant because it has the strongest association with overall poor outcome, cognitive impairment, and reduced quality of life. phy, CTA, and DSA. Some institutions also include CTP to assess the hemodynamic status of the brain to improve the detection of early ischemia. There are several studies in the literature suggesting promising results by using CTP for detection of DCI by identifying perfusion deficits with prolonged MTT and/or decreased CBF. [10] [11] [12] [13] Qualitative perfusion deficits on CTP have shown improved sensitivity and specificity for DCI compared with noncontrast CT and CTA.
14 Furthermore, Dankbaar et al 12 evaluated quantitative CTP and demonstrated significantly lower CBF and higher MTT in patients who developed DCI. However, the most accurate CTP parameter and the optimal threshold for DCI remain controversial. The purpose of this study was to prospectively evaluate the diagnostic accuracy of CTP and to determine a quantitative threshold for DCI in patients with aneurysmal SAH.
Materials and Methods

Study Population
A total of 104 patients with aneurysmal SAH were prospectively enrolled in this study from December 2004 to December 2008. Inclusion criteria were adult patients (18 years and older) with documented SAH at admission. SAH was diagnosed by initial noncontrast head CT, CSF analysis, CTA, and/or DSA. Exclusion criteria were a history of iodinated contrast allergy, renal impairment, or pregnancy. The patients and families of all consecutive admissions to the N-ICU with an SAH diagnosis were approached for enrollment. All enrolled subjects underwent surgical clipping and/or endovascular coiling for aneurysm repair, as per the usual standard of care. Institutional review board approval, Health Insurance Portability and Accountability Act compliance, and written informed consent were obtained.
Study Design
A prospective cohort study was undertaken, including all patients with aneurysmal SAH, to perform CTP on both asymptomatic and symptomatic patients with clinical deterioration. Documentation occurred according to the day following SAH and was performed by the neurologists (I.U., A.Z.S., and M.F., with 8, 12, and 28 years' experience, respectively) in the N-ICU. Day 0 was defined as the day of the SAH event. Clinical and demographic data collection included age, sex, location of the ruptured aneurysm, type of treatment for aneurysm repair, and the Hunt and Hess grade at presentation. Close observation was maintained to assess deterioration that was not explained by other causes such as aneurysm rebleeding, intracranial hemorrhage, hydrocephalus, infection, metabolic disturbance, seizure, and so forth as determined by clinical assessment, CT, or MR imaging and laboratory studies. Clinical deterioration may manifest with alterations in consciousness, worsening of the Glasgow Coma Scale score, or new neurologic deficits. For patients with limited clinical examinations, particularly patients who were comatose or mechanically ventilated, continuous monitoring of laboratory data and neurologic and systemic parameters was used. DSA with the potential for endovascular treatment was performed in patients with suspected clinical deterioration. We determined the clinical outcome at discharge from the N-ICU, assessing a permanent neurologic deficit on physical examination and/or cerebral infarction on follow-up CT or MR imaging.
CTP Scanning Protocol and Data Processing
CTP was performed during the typical time period for DCI, between days 6 and 8 in asymptomatic patients and on the day of clinical deterioration in symptomatic patients. Data collection included the day CTP was performed following SAH and CTP's timeframe from the onset of clinical deterioration and its timeframe from when DSA was performed. There is a standard scanning protocol for CTP at our institution by using a LightSpeed or Pro 16 scanner (GE Healthcare, Milwaukee, Wisconsin) with a cine 4i scanning mode and 45-second acquisition at 1 rotation per second by using 80 kV(peak) and 190 mA. We used a scanning volume of 2.0 cm consisting of 4 sections at 5.0-mm thickness with inferior extent of the scanning volume selected at the level of the basal ganglia, above the orbits, to minimize radiation exposure to the lenses. Approximately 45 mL of nonionic iodinated contrast was administered intravenously at 5 mL/s by using a power injector with a 5-second delay.
Postprocessing of the acquired images into CBF, MTT, and CBV maps was performed on an Advantage workstation by using CTP software, Version 3.0 (GE Healthcare). This software uses a deconvolution method, which is considered most accurate for low contrast injection rates. 15 The postprocessing technique was standardized for all patients according to recommended guidelines 16 with the AIF as the A2 segment of the ACA 17 and the venous function as the superior sagittal sinus (Fig 1) . The perfusion maps were qualitatively evaluated by 2 neuroradiologists (P.C.S. and A.J.T. with 10 and 7 years' experience, respectively) blinded to clinical and imaging data, to determine the presence of perfusion deficits, defined as areas of decreased CBF and prolonged MTT based on their radiologic evaluation as performed in clinical practice. Focal perfusion abnormalities due to the primary hemorrhagic event and surgical intervention, as identified on the acquired images from the CTP dataset, were not included as perfusion deficits from DCI. Consensus judgment was determined after reviewing the images independently.
Quantitative analysis was conducted by using a standardized method with contiguous region-of-interest placement, measuring 157 mm 2 , sampling the cortex and basal ganglia. Each CTP section had up to 28 regions of interest distributed in the following territories: approximately 6 regions of interest in the ACA, 12 regions of interest in the middle cerebral artery, 6 regions of interest in the posterior cerebral artery, and 4 regions of interest in the basal ganglia (Fig 1) . CTP studies were analyzed with the reader blinded to all clinical and imaging data to limit test-review bias.
Reference Standard Criteria
The reference standard for DCI is controversial and continues to undergo review. In this study, a multistage reference standard design was implemented, incorporating the most relevant clinical and imaging outcome measures of DCI, as defined by Reichman et al. 18, 19 On-line Figure 1 demonstrates the flow diagram for assignment of patients in this study. At the primary level, DSA performed after day 3 was used to determine vasospasm. Angiographic criteria for vasospasm were based on the arterial luminal narrowing compared with the normal parent vessel and comparison with DSA performed on admission. Mild angiographic vasospasm was Ͻ50% arterial narrowing; moderate vasospasm was 50%-75% narrowing; and severe vasospasm was Ͼ75% narrowing. Interpretation of DSA was performed by 2 observers, an interventional neuroradiologist who performed the examination (with either 10 or 25 years' experience) and a neuroradiologist blinded to all patient information (C.E.J. with 22 years' experience). For disagree-ments, a third neuroradiologist (P.C.S. with 10 years' experience) independently reviewed the examination in a blinded fashion.
In those patients who did not undergo DSA, clinical or imaging criteria or both for the outcome events of DCI were used as the reference standard at the secondary level. On discharge from the N-ICU, the presence of either of the following criteria supported the diagnosis of DCI: 1) Clinical criteria: permanent neurologic deficit on clinical examination, distinct from the deficit at baseline produced by the SAH event or surgical intervention, which was not attributable to other causes.
2) Imaging criteria: cerebral infarction on follow-up CT and/or MR imaging that occurred after day 4. This criterion has been used to effectively exclude primary brain damage from SAH and/or surgical intervention. 6, 20 For patients who did not meet the above criteria and did not receive HHH therapy, a "no DCI" diagnosis was assigned. However, patients without the above criteria who received HHH therapy proceeded to the tertiary level for assessment of a response to treatment. Patients who demonstrated an improvement in clinical deterioration following HHH therapy were considered responders to appropriate treatment, and the response supported the diagnosis of DCI. Patients who did not improve following treatment and were found to have another cause for their symptoms were assigned as having no evidence of DCI. However, patients who did not have another cause for their symptoms underwent further testing with DSA and were then diagnosed at the primary level.
Statistical Analysis
Only CTP examinations performed at the diagnostic stage, before treatment for DCI and before cerebral infarction, were included in the analysis to minimize confounding bias because both treatment and infarction affect cerebral perfusion and the diagnosis. The mean CBF, CBV, and MTT values were calculated for the DCI and no DCI groups. For patients with focal perfusion deficits, regions of interest within the affected region were isolated and arithmetic means were calculated. In patients without focal deficits, all regions of interest for all 4 section locations were included in the arithmetic means. To minimize the contribu- tion of vascular pixels from large vessels, we excluded the CBF values of Ͼ100 mL/100 g/min from the statistical analysis and did not use these in calculating the mean CBF, CBV, and MTT values since this method for the evaluation of ischemia has been published. 21 The regions of interest in the perfusion abnormalities due to the primary hemorrhagic event and/or surgical intervention, as identified on the acquired images from the CTP dataset, were not included in the statistical analysis. Normality of the distribution of continuous variables was assessed by plotting histograms and the Shapiro-Wilk test. Comparison between the groups was performed by using a 2-tailed t test for normal variables and the Wilcoxon rank sum test for non-normal variables. Statistical significance was accepted at P Ͻ .05. The 95% CI was used as the measure of variance. ROC curves were generated for each CTP parameter, and the AUC was calculated to quantify overall diagnostic accuracy. We fitted maximumlikelihood ROC models and 95% CIs, assuming a binormal distribution for the underlying latent variable. The threshold value was assessed by using the patient population utility method, which incorporates the NBNCR for the SAH population. (Please refer to the On-line Appendix for detailed description of this method.) The statistical analysis was performed by a biostatistician (M.J. with 5 years' experience) by using STATA, Version 10 (StataCorp, College Station, Texas) and R, Version 2.7.2 (http://cran.r-project.org/bin/windows/base/old/2.7.2/) software. Analysis was also conducted with the same methods mentioned above in a subgroup by using DSA as the reference standard to specifically evaluate the diagnostic accuracy of CTP for vasospasm. Figure 2 is the flow diagram for patient enrollment. Ninety-seven patients were included in the statistical analysis. Forty-one percent (40/97) of patients had DCI and 59% (57/97) did not, as determined by the reference standard. On-line Figure 1 demonstrates the assignment of patients by the reference standard for each level. In the subgroup (n ϭ 57), 63% (36/57) of patients had vasospasm and 37% (21/57) did not, as determined by DSA.
Results
Study Population Characteristics
Clinical and demographic characteristics of the study population and subgroup are presented in the Table. The imaging characteristics of the study population and subgroup are shown in On-line Table 1 . CTP was performed during the typical time period expected for DCI and on the same day that symptoms occurred in all groups.
Clinical Outcomes
No adverse events from CTP were reported in the study population. In the DCI group, 48% (19/40) of patients had no permanent neurologic deficit, 40% (16/40) had permanent neurologic deficits, and 13% (5/40) died during hospitalization. In the no DCI group, 88% (50/57) of patients had no permanent neurologic deficit, 12% (7/57) had permanent neurologic deficits referable to causes other than DCI (eg, postsurgical contusion and/or ischemia), and none died during hospitalization.
Quantitative CTP Analysis
In the study population, no CTP results were excluded from the analysis, including potential outliers. The mean quantitative values of the CTP parameters and 95% CIs for the study population and subgroup are presented in On-line Table 2 . There are statistically significant differences in the CBF, CBV, and MTT values for the 2 groups. Figure 2 demonstrates the ROC curves and AUC for each CTP parameter with its 95% CI for the study population and subgroup, respectively. CBF has the highest overall diagnostic accuracy followed by MTT and CBV. The optimal operating point on these ROC curves was determined by using the patient population utility method, which incorporates the pretest probability of disease, the expected net benefit of correct diagnoses (true-positives), and the expected net harms associated with false-positive results (On-line Appendix). According to this method, the CBF threshold was 35 mL/100 g/min (90% sensitivity, 68% specificity) and the MTT threshold was 5.5 seconds (73% sensitivity, 79% specificity) for the diagnosis of DCI. In the subgroup of patients with DSA as the reference standard for vasospasm, the CBF threshold was 36.5 mL/100 g/min (95% sensitivity, 70% specificity) and MTT threshold was 5.4 seconds (78% sensitivity, 70% specificity).
Clinical and demographic characteristics of the study population and subgroup
Study Population (n ϭ 97) Subgroup a (n ϭ 57) 
Discussion
Cerebral ischemia following SAH is a complex entity involving delayed narrowing of the intracranial arteries that may lead to clinical deterioration, infarction, and death. A review of the literature reveals that inconsistent terminology has been used to describe this entity in clinical trials and observational studies. The relationship between vasospasm seen on angiography and clinical deterioration and ischemia from DCI has led to imaging studies often being used as surrogate diagnostic tools. 7 Given the variable association among these terms, our study focused on evaluating CTP as it would be used in clinical practice to prospectively identify patients with DCI, as defined by both clinical and imaging criteria.
Several publications suggest that CTP is a promising tool in detecting DCI. Patients with regional hypoperfusion deficits more often experience DCI and are at risk for infarction. 14, 22, 23 Our study supports these findings, with qualitative CTP deficits seen in 95% of patients with DCI compared with 18% without DCI. More recently, investigations have focused on the diagnostic accuracy of quantitative CTP for DCI and determining a diagnostic threshold. Dankbaar et al 12 reported that MTT can detect patients with DCI by using an absolute MTT threshold of 5.9 seconds. On the other hand, several studies support the finding that CBF has the highest sensitivity and specificity, 24 concluding that patients with CBF reduction on CTP, 10 xenon-enhanced CT, 25 or position-emission tomography 26 imaging were more vulnerable to developing DCI. Our study confirms CBF and MTT as the most useful CTP parameters for diagnosing DCI. Our large prospective cohort should be highly generalizable to clinical practice because it consists of both asymptomatic and symptomatic patients, as well as patients who did or did not undergo DSA (On-line Appendix). Furthermore, our results indicate that CBF has the best discrimination ability for DCI (Fig 2) , with the highest overall diagnostic accuracy (0.93) compared with MTT (0.88) and CBV (0.72). However, the 95% CIs of CBF and MTT are overlapping, and thereby a statistically significant difference is not achieved between these 2 parameters. The best operating point on these ROC curves was determined as 35 mL/100 g/min (90% sensitivity, 68% specificity) for CBF and 5.5 seconds (73% sensitivity, 79% specificity) for MTT calculated by the patient population utility method, which incorporates key factors, such as the net benefit/harm ratio and the prevalence of DCI. Therefore, this statistical method minimizes both false-negative and false-positive errors to maximize the average state of health of the SAH population.
Other studies in the literature have evaluated CTP for the diagnosis of vasospasm by using DSA as the reference standard. High sensitivity and specificity have been reported for qualitative CTP deficits in the detection of vasospasm and the prediction of secondary infarction. 10, 13, 23, 27, 28 Our subgroup analysis supports these findings with qualitative CTP deficits seen in 97% of patients with vasospasm compared with 24% without vasospasm. More specifically, several studies focused on assessing the degree of arterial narrowing and the presence of a perfusion abnormality in its corresponding territory. Aralasmak et al 13 reported that a perfusion abnormality was noted in 83% of patients with severe vasospasm compared with 26% with mild-moderate vasospasm and 15% without vasospasm. Dankbaar et al 22 demonstrated that the flow territory of the vessel with the most severe vasospasm corresponded with the least perfused region on CTP. Furthermore, Wintermark et al 11 evaluated quantitative CTP for detection of vasospasm in a retrospective study and reported that MTT had the highest diagnostic accuracy (91.6%) by using a threshold of 6.4 seconds, closely followed by CBF (91.4%) with a threshold of 44.3 mL/100 g/min. Our subgroup analysis also revealed that CBF and MTT had the highest diagnostic accuracy for vasospasm on DSA. With the patient population utility method, a CBF threshold of 36.5 mL/100 g/min (95% sensitivity, 70% specificity) and an MTT threshold of 5.4 seconds (78% sensitivity, 70% specificity) were calculated. Overall, the CTP findings in the study population to determine DCI and in the subgroup to determine vasospasm demonstrate similar results. These results support the association of arterial narrowing and ischemia in SAH and promote the added value of using DSA in the diagnosis of DCI to guide patient management.
Currently, the definitions of DCI and vasospasm are undergoing review by expert panels and investigators to improve uniformity in research studies evaluating outcomes in patients with SAH. Vergouwen et al 7 recently provided an expert opinion as to the use of the following outcome measures for DCI: 1) cerebral infarction identified on CT or MR imaging after exclusion of procedure-related infarctions, and 2) functionalbased outcome measures. The term "vasospasm" is recommended for patients with arterial narrowing on imaging studies. 7 DSA is considered the reference standard for vasospasm, given its superior spatial resolution. However, as CT scanner technology continues to improve, other noninvasive methods such as CTA may also be used to detect vasospasm, as supported by a recent meta-analysis.
In clinical practice, angiographic evidence of vasospasm remains as a surrogate diagnostic tool to prospectively determine diagnosis and treatment of cerebral ischemia after SAH, particularly given its association with perfusion deficits. Therefore, a previously published and validated reference standard that includes these relevant outcome measures was used in this study. Reichman et al 18, 19 thoroughly describe the implementation of this reference standard along with its strengths and limitations. Several strengths of this reference standard include its widespread applicability to the entire SAH population, incorporation of the most relevant outcome measures of cerebral ischemia after SAH, thorough use of criteria to exclude other causes of clinical deterioration and cerebral infarction, and its consideration of treatment effects in determining diagnosis. Incorporating a reference standard based on a clinical practice approach, by using intensive clinical monitoring combined with serial imaging examinations to prospectively identify patients with DCI may assist in bridging the gap between clinical research and clinical practice.
We acknowledge several limitations in this study, including limited brain coverage for evaluation of perfusion deficits provided by CTP. However, emerging CT scanner technology will provide broader coverage in the future, and these data may be applicable to this improvement. Another limitation is that the region of CTP imaging was not coordinated with the location of the arterial narrowing on DSA or the region referable to symptoms. Therefore, it is conceivable that this region may not have been imaged on CTP or may possibly have been averaged with a larger region of normal perfusion, resulting in increased falsenegatives and lower diagnostic accuracy in our study. This method was not used to reduce work-up and observer bias because we did not have knowledge of the clinical examination and DSA results before CTP scanning and interpretation.
Overall, there is an inherent limitation in applying quantitative CTP findings in clinical practice. Caution is urged when using absolute quantitative CTP values for the diagnosis and management of patients. Often, these threshold values are only valid for the constellation of the type of hardware equipment and software program used in a specific study. Careful interpretation of absolute values is suggested because the quantitation of the perfusion parameters relies on the assumption that the selected arterial input and venous outflow functions represent the true inflow and outflow measures for the tissue bed being analyzed. Selection of the AIF in patients with acute cerebral ischemia remains controversial, and there is no consensus to date. However, several studies support the find- ing that there is no significant variation in the quantitative CTP parameters of patients with acute cerebral ischemia when using different AIF locations. 16, 17, [30] [31] [32] Current expert opinion favors the use of relative rather than absolute CTP values, given the potential for variability in absolute quantitation of CTP parameters and the dependence of these values on an appropriate but often arbitrary venous output scaling factor. 33 Dankbaar et al 12 have demonstrated that overall relative threshold values had better diagnostic properties than absolute measurements, possibly because relative measurements reduce the variability caused by the postprocessing steps. 34 However, absolute threshold values were used in our study because cerebral ischemia after SAH may occur bilaterally and diffusely in the brain; therefore, standardized methods are difficult to implement in this patient population. Most important, standardization and validation of CTP methodology and postprocessing techniques are necessary for its widespread implementation in patients with SAH.
Conclusions
CTP adds important physiologic data to the clinical information and anatomic imaging of patients with SAH. CBF and MTT emerged as the CTP parameters with the greatest discrimination ability for DCI. A CBF threshold of 35 mL/100 g/min and an MTT threshold of 5.5 seconds were calculated by using the patient population utility method, which statistically infers the maximum average state of health for this population. However, caution is recommended in using specific absolute threshold values for CTP because the differences in scanner equipment and postprocessing methods may affect its generalizability. Therefore, future steps are needed to assess the performance of these threshold values in improving clinical outcomes by using a large prospective clinical trial study design.
